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Abstract 
Structural adhesive joints were subjected to high loading rates in mode I and their resulting fracture 
behaviour was studied in detail.  Joints were formed between unidirectional carbon-fibre epoxy 
composites and between aluminium alloy substrates bonded with a tough, single-part automotive 
adhesive (XD4600) from Dow Automotive.  Double cantilever beam (DCB) and tapered double 
cantilever beam (TDCB) tests were performed, from quasi-static loading rates up to 15 m/s, and a test 
rig was developed incorporating high-speed video acquisition for the high-speed tests. A detailed 
analysis strategy, and associated equations, were developed to account for (i) the types of different 
fracture behaviour regimes encountered, (ii) the dynamic effects in the test data, and (iii) the 
contribution of kinetic energy to the energy balance.  Using the above analysis strategy and associated 
equations, increasing the test rate over six decades (from 10-5 to 101 m/s) was found to lead to a 
reduction in the value of the adhesive fracture energy, GIc, by about 40% of its quasi-static value, i.e. 
from 3500 to about 2200 J/m2.  Further, at quasi-static loading rates, the measured adhesive fracture 
energies were independent of substrate material and test geometry (i.e. DCB or TDCB).  However, at 
faster loading rates, the TDCB tests induced higher crack velocities for a given loading rate compared 
with the DCB test geometry, and neither the test rate nor the crack velocity were found to be the 
parameter controlling the variation in GIc with increased test rate.  Thus, an isothermal-adiabatic model 
was developed and it was demonstrated that such a model could unify the DCB and TDCB test results. 
Indeed, when the GIc values, determined from the analysis strategy and associated equations proposed, 
were plotted as a function of 1/√time, where the time was defined to be from the onset of loading the 
material to that required for the initiation of crack growth, the results collapsed onto a single master 
curve, in agreement with the isothermal-adiabatic model.   
 
Keywords: adhesive joints, adiabatic heating, dynamic effects, fracture mechanics, fracture 
modelling, high rate, stick-slip. 
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NOMENCLATURE 
a  crack length measured from load-line 
a*  crack length measured from a = (2/3)×xo 
a   crack velocity 
B  width of test specimen 
C  compliance 
cL  longitudinal wave velocity in the substrate material 
cm  specific heat capacity of the adhesive 
δ  load-line displacement of both arms of the specimen during a test 
E  Young’s modulus of the substrate 
Ea  Young’s modulus of the adhesive 
F  Large displacement correction factor 
F(x) a function accounting for the dissipation of heat generated by conduction through the 
adhesive layer 
Gas the energy release rate for an asymmetrically-loaded DCB, in which one arm was 
subject to no load-line displacement and the other arm the total test displacement 
Gs  the energy release rate for a symmetrically-loaded DCB 
GIc  the adhesive fracture energy 
GsIc  the static value of the adhesive fracture energy 
GdIc   the dynamically-corrected value of GIc 
GIco  the adhesive fracture energy at the reference temperature, To 
h  height of the beam, i.e. arm of the substrate 
h(a*)  height of the beam at a distance a = (2/3)×xo+a*  
k  thermal conductivity of the adhesive  
m  specimen geometry factor (m = 2 mm-1 in the TDCB tests) 
N   factor applied to correct for the effects of load-block stiffening in the DCB tests 
P  load applied to the test specimen 
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t  time from t=0 
ti  time from the onset of loading the joint to that required for the initiation of crack  
  growth 
to  time at the initial position of the joint before loading 
T  temperature at the crack tip in the adhesive layer 
Tg  glass transition temperature of the adhesive 
To  a reference temperature 
∆T  a temperature rise from the reference temperature (∆T = T-To) 
T∆   the maximum value of ∆T when there is no heat dissipation away from the crack tip 
V  applied velocity of the servo-hydraulic ram  
xo  length of straight section of the TDCB specimen measured from the load-line 
x  dimensionless term in the error function, F(x) 
Z  thickness of the thermally-heated zone of material at the crack tip 
δc  crack opening displacement at fracture 
∆Ι  mode I beam root rotation correction  
ν  Poisson's ratio of the substrate material  
ρs  density of the substrate material 
ρ  density of the adhesive 
σo  yield stress of the epoxy adhesive at a reference temperature To 
σy  yield stress of the epoxy adhesive 
σsf  fracture stress of the substrate 
σsy  yield stress of the substrate 
CAE  chromic acid etch 
CBT  corrected beam theory 
CFRP  carbon-fibre reinforced plastic 
DCB  double cantilever beam 
HSV  high-speed video  
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LMD  lost-motion device 
LVDT  linear variable displacement transformer 
NL  non-linear crack initiation point 
TDCB  tapered double cantilever beam 
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1. Introduction 
The use of structural adhesives to bond polymer composites and light weight alloys is now well 
established within the aerospace and automotive industries.  The advantages that their application 
offers over the traditional methods of joining such as mechanical fastening include (i) the avoidance of 
the need to introduce a stress concentrating hole through the substrates, hence leading to a more even 
distribution of stresses across the joint, and (ii) the reduction in the number of parts and hence 
potential weight saving in the structure.   
 
 The characterisation of adhesive joints using a fracture mechanics approach is well established 
for mode I (the tensile opening mode) at slow rates in a British Standard [1] and an International 
Standard [2].  These standards employ the double cantilever beam (DCB) and the tapered double 
cantilever beam (TDCB) test specimens. These comprise fibre-composite or metallic substrates 
adhesively bonded together using a structural adhesive.  The crack is formed by placing a thin release 
film centrally in the adhesive layer during manufacture and a natural crack is formed using a pre-
cracking procedure described in [1, 2].  The resistance to both the initiation of this natural crack and its 
subsequent propagation is usually determined using the ‘corrected beam theory’ (CBT) approaches.  
The resistance to fracture is characterised using the adhesive fracture energy, GIc.   
 
 Increasingly, there is a need to characterise the performance of adhesively bonded joints at 
higher test rates [3, 4].  This stems from the increased use of adhesives in automotive structural 
applications which may be subject to road shocks and impact damage during vehicle collision.  During 
such a crash event the role of the adhesive, which may be used (i) to bond composite parts, (ii) to bond 
parts of an alloy space frame or indeed, (iii) to bond parts of the energy absorbing crumple structure, 
will be crucial.  It is important that the adhesive does not fail in a brittle manner, but is able to transit 
the loads across the joint such that the deformation mechanisms in the substrates can take place during 
the impact.  The vast majority of the crash energy may then be absorbed via plastic deformation of 
metallic structures or by the multiple damage mechanisms which occur in fibre-composite crush tube 
structures [5].   
 
 Whilst the standards developed for the DCB and TDCB test specimens work well at slow rates 
of loading [6], agreed standards do not currently exist for testing at high rates.  At high rates, a number 
of additional challenges are faced.  Firstly, there is the considerable challenge to make accurate 
experimental measurements, such that an accurate fracture analysis may be performed.  Secondly, 
there is the need to overcome the dynamic effects which are invariably present in the measured loads. 
Thirdly, as the fracture behaviour may become more complex at faster rates, there is the need to 
distinguish and correctly analyse the different types of crack propagation.   Finally, due account must 
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be taken of the kinetic energy in the test specimen in the analyses for the tests conducted at high rates 
of loading. 
   
 In the present work, we describe a detailed investigation into the fracture behaviour of structural 
adhesive joints using the DCB and TDCB test specimens at test rates of up to 15 m/s.  A number of 
different substrate materials used in the automotive industry have been investigated.  The objective has 
been to establish a robust experimental procedure and associated analysis strategy that responds to the 
challenges discussed above.  It is also intended that such work will prepare the ground for a future 
high rate test standard for structural adhesive joints.  In addition, the utility of a thermal model has 
been explored to explain the observed variations in fracture resistance.   
 
2. Experimental 
2.1 Introduction 
Two types of fracture mechanics test specimen employing three different substrate materials have 
been studied in the present work.  The substrates have been adhesively bonded using a toughened 
automotive grade adhesive.  The preparation of these joints is now described.   
 
2.2 Materials  
2.2.1 The Adhesive  
The adhesive used was a rubber-toughened single-part epoxy: Betamate XD4600 from Dow 
Automotive (Michigan, USA). This is a structural automotive-grade adhesive, specially developed to 
resist sudden loading and to accommodate various types of substrates including slightly oily metals as 
typically found in industrial applications.  The recommended cure schedule for XD4600 is shown in 
Table 1.  At least two samples from every adhesive batch produced were tested in a Perkin Elmer 
(Massachusetts, USA) Pyris 1 DSC machine or in a TA Instruments (Delaware, USA) DSC Q-series 
machine. Two thermal cycles were used between 50˚C and 180˚C at a scanning rate of 20˚C/min. The 
first heating cycle was used to remove the thermal history and the second cycle was used to obtain the 
Tg.  
 
2.2.2 Substrates 
The substrates used to manufacture the TDCB joints investigated were aluminium alloy EN AW-2014 
[7].  This alloy is used in high strength structural components. The Young’s modulus and yield 
strength of this alloy are given in Table 2.  Two unidirectionally reinforced carbon-fibre composite 
substrates were also investigated.  The composite HTS/6376 was supplied by Hexcel Composites 
(Cambridge, UK) and IM7/977-2 was supplied by Cytec Engineered Materials (New Jersey, USA).   
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2.2.3 Joint manufacture 
The composite panels were cut into beams using a wet saw fitted with a diamond blade. Substrate 
beams with nominal width of 20 mm and length of 150 mm were obtained.  Because moisture 
absorbed by composite substrates prior to bonding (i.e. pre-bond moisture) can be very damaging to 
adhesive joints [8, 9], all composite substrates were thoroughly dried before the adhesive joint 
manufacture process. This was achieved by placing the substrates in a vacuum oven at 60˚C until mass 
measurements indicated a ‘fully dried’ condition had been achieved.  The aluminium alloy substrates 
were machined on a CNC mill into tapered double cantilever beams of length 310 mm and with a 
geometry factor, m = 2 mm-1.   
 
 Composite substrates were abraded with 180/220 mesh alumina grit and cleaned with an acetone 
soaked cloth prior to bonding.  The aluminium alloy substrates were abraded, degreased in a 
vapour/hot bath of trichloroethylene and were then placed in a chromic acid etch (CAE) tank, pre-
heated at 68˚C.  The substrates were removed from the bath after 30 minutes and immediately rinsed 
in cold running water. The substrates were then submerged into a water bath for an additional 15 
minutes. A final rinse with distilled water was given prior to drying the substrates for 15 minutes at 
60ºC with a fan-circulating oven. The bonding stage immediately followed this step, to avoid any 
accumulation of moisture on the substrates. 
 
 The adhesive was applied to the bonding surfaces with a dispensing gun. The adhesive was then 
spread evenly over the bonding surfaces with a clean spatula. Two stainless steel wires with a diameter 
of 0.4 mm were placed at either end of one of the substrates. Also a small amount of solid glass 
spheres, Spheriglass 1619 CP03 supplied by Omya (Surrey, UK), with a nominal diameter of 350 µm 
were scattered on the bonded substrates. The wires and glass spheres helped to achieve good control of 
the bond line thickness. The glass spheres were dried at 60˚C for at least 15 minutes in order to 
remove any residual moisture. 
 
 A 12.5 µm thick PTFE film was placed at the end of one of the substrates to create an initial 
crack. The length of the film varied depending on the geometry to be manufactured but was normally 
between 40 mm and 100 mm long. A special jig coated with Frekote high temperature release agent, 
Henkel (Düsseldorf, Germany), was used to align the substrates and apply an even pressure to the 
joints. The cure schedule used is shown in Table 1.  The excess cured adhesive spew fillet was 
removed from the edges of the beams using a grinding machine. Special care was taken not to damage 
either the bond line or the substrate.  Aluminium end-blocks were attached to the composite DCB 
joints in readiness for testing. The end-blocks were grit blasted and bonded on to the ends of the joints 
using a two-part adhesive from Permabond E32 (Hampshire, UK) and a special load-block alignment 
jig.   
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 For the composite joints, a thin layer of water-based correction fluid (i.e. Tippex) was used to 
paint one side of the joint so as to generate a white background. A one-millimetre spaced grid was 
then drawn with a thin marker pen to facilitate the crack length measurements. The grid spacing was 
increased to 5 mm on the joints for high rate testing, so clear high-speed video recordings could be 
obtained, as is described below. Spray paint was used to generate the white background on the larger 
TDCB joints. Finally, all the joints were kept in a dry environment until the fracture tests were carried 
out. The DCB and TDCB specimens are shown in Fig. 1.   
 
2.3 Testing at quasi-static rates 
The slow rate tests were carried out according the standard BS-7991 (2001) using a screw driven 
testing machine. The CFRP DCB joints were tested at a cross head rate of 1 mm/min and the 
aluminium TDCB joints at 0.1 mm/min. All tests were performed under controlled conditions of 
approximately 50% relative humidity (RH) and a temperature of 23 °C.  
 
 The joints were mounted between the shackles on the testing machine using 8 mm diameter 
pins. During the test, the load, P, and displacement, δ, were recorded electronically. The crack length, 
a, was measured at increments of about 1 mm using either a travelling microscope or a video camera 
with a suitable amplification for a resolution of ± 0.5 mm. The load was measured to an accuracy of 
better than 0.5% and the displacement to an accuracy of ±1%, after correcting for system compliance 
effects.  The deviation from linearity in the load versus displacement trace was recorded as the non-
linear (NL) initiation point; and the Max/5% and visual (VIS) initiation  points were also determined 
as described in [1].  Typically, about fifteen propagation points were also determined from each test, 
when stable crack growth was observed.   
 
2.4 Testing at high rates 
2.4.1 The high rate test rig 
A servo-hydraulic testing machine (Instron model VHS, High Wycombe, UK) was used for the high 
rate tests at velocities of between 0.1 m/s and 15 m/s. The test specimens were attached to a hydraulic 
ram, controlled via an open loop system. The position and hence velocity of the hydraulic ram during 
the tests was measured using an LVDT mounted on the ram. More accurate measurements of 
specimen displacement and velocity were achieved using high-speed video photography, as described 
in the next section.   
 
 In order to allow the ram to accelerate to the required constant velocity prior to the specimen 
loading, a lost motion device (LMD) was used, as shown schematically in Fig. 2.  The LMD consisted 
of a titanium rod, a ‘cup and cone’ contact unit made from aluminium and other connectors. The 
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weight of the LMD was kept to a minimum to reduce any inertial effects during the tests. Additionally, 
the cup and cone design allowed different degrees of damping to be fitted through a series of hard 
rubber washers. The damping was adjusted to reduce contact effects between the ram and the LMD. 
Such effects have been reported to be important in high rate tests [10, 11].   
 
 The forces applied to the specimens were recorded using a piezo-electric load cell with a high 
natural frequency (70-50 kHz) and short rise time (10 µs). The load cell was fixed to the stationary 
loading shackle as shown in Fig. 2 (i.e. as close as possible to the test specimen) to minimise inertial 
effects. The load cell output was passed to a high rate data acquisition system, consisting of eight input 
channels with a resolution of 14-bit at 2 MHz.  No signal filtering was used, as this could obscure 
legitimate transducer measurements.  At least three repeats for each joint system at each rate were 
tested. Despite the precautions taken to minimise load oscillations, the tests were severely influenced 
by dynamic effects at test rates in excess of 1 m/s.  In addition, variations between the set and the 
actual test rates were observed due to the open-loop control system used.  For these reasons, high-
speed video photography has been used to measure the crack length, beam opening displacement, test 
velocity and crack velocity during these tests, as is now described.   
 
2.4.2  High-speed video photography  
A high-speed video (HSV) camera was used to measure the crack growth and other various parameters 
during the high rate tests. Two HSV cameras manufactured by Vision Research (New Jersey, USA) 
were used. The first was a Phantom 4 and the second was a Phantom 7.1 high-speed digital camera. 
Both cameras incorporate 8-bit image depth and high sensitivity CMOS sensors. The higher 
specifications of the Phantom 7.1 video camera were exploited principally at the higher test rates. 
Higher framing rates were obtained by reducing the image size as the data could be transmitted from 
the sensor more rapidly to the camera memory. The different combinations of framing rate and picture 
resolution for the two cameras used are shown in Fig. 3.  Various lenses were used to obtain the best 
field of view for the different geometries tested. Two 1.5 kW flood lights were used to provide enough 
illumination for exposure times in the order of 10 µs. The lights were turned on only a few seconds 
before the test to avoid heating the joints. 
 
 For the video analysis, a data acquisition system (Model C2008) and a customized version of the 
impact software (ImpAcqt) developed by Imatek (Herts, UK) were used. This system allowed 
automatic and simultaneous triggering of the high rate camera and the data acquisition system at a 
predefined ram position. In this way, data from the different transducers and the high rate video 
sequence could be correlated precisely. The data acquisition system consisted of eight input channels 
with a resolution of 14-bit at 2 MHz. The software also allowed measurements to be made on the 
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digital images recorded and allowed for data export to other software for further analysis. With this 
information, GIc and other test variables were calculated as will be described in Section 3 below.   
 
2.4.3  Determination of crack length, load-point displacement and test rate 
The ImpAcqt software was used to extract measurements of the crack length and the load-point 
displacement from the high-speed video recordings. Firstly, the images were calibrated by selecting 
two points on the grid painted on the side of the joints. Whenever it was possible, the distance between 
these points was maximised so as to reduce the error (i.e. an error of one pixel would be more 
significant for a short distance). Fig. 4(a) shows an example of the calibration made for a DCB joint 
using the grid painted on the joint side (in this case each line was 5 mm apart). 
 
 The crack length, a, was measured from the loading line to the leading edge of the crack aided 
with the grid painted on the side of the specimen. As the joints were loaded from above, the load-point 
displacement, δ, was measured by tracking the position of the upper pin relative to its initial position. 
Fig. 4(b) shows the measurements of crack length and displacement made for two different times (i.e. 
t1 and t2) and the initial position of the joint before loading (i.e. to ).  The test rate, V, was obtained 
from the gradient of the displacement of the load point (upper pin centre) versus time plot.  
 
2.4.4  Fracture types and determination of crack velocity 
The nature of the crack propagation in the tests was either ‘stable’ or ‘unstable’. Stable type crack 
growth occurs when the crack propagates steadily and continuously through the specimen in a stable 
manner’ ‘Unstable’ is when the crack grows in an stick-slip manner via short bursts interspaced by 
periods of crack arrest, such that crack initiation and arrest points are visible both in the load versus 
displacement trace, and on the fracture surfaces.  As the test rate was increased, a transition from 
stable to unstable and then back to stable propagation was observed.  In order for the different types of 
crack growth behaviour to be consistently interpreted, four distinct types of crack growth have been 
defined, as shown in Table 3.   
 
 The first type was observed at slow rate, quasi-static, test rates when the crack growth was stable 
and continuous through the DCB or TDCB test. This has been termed ‘Type 1’ fracture.  
 
 At somewhat higher rates of test, unstable, slip-stick, fracture was recorded. This unstable, crack 
growth region has been split into two distinct types (i.e. ‘Type 2’ or ‘Type 3’) depending upon (i) 
whether kinetic energy effects were important, and (ii) whether the measured load versus time (or 
displacement) traces were reliable (i.e. whether the load values were severely affected by the dynamic 
effects, or not). (As will be discussed later, kinetic energy effects were deemed to be important at a 
given test rate if they exceeded 5% of the quasi-static value of the adhesive fracture energy, GsIc, 
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determined using a quasi-static analysis.) As implied by the terminology, the Type 2 fracture 
behaviour was seen at slower rates of test than the Type 3 fracture behaviour.   
 
 At the highest rates of test employed the fracture behaviour reverted to being stable crack 
growth.  However, since this type of crack growth was now being seen at the very highest rates of test 
employed, the determination of the corresponding values of crack velocity and adhesive fracture 
energy, GIc, presented many problems compared with the slow rate fracture Type 1 fracture behaviour. 
Hence, this type of fracture behaviour was termed ‘Type 4’. 
 
 An ‘average’ crack velocity, a , was obtained for each test from the propagation values of the 
crack length versus time plot. Examples of the measurements are shown in Figs. 5 and 6 which show 
plots of δ versus t, and a versus t, for the same test where stable crack growth was observed.   For 
joints exhibiting unstable, stick-slip crack growth the average crack velocity was determined using 
only the initiation points, as illustrated in Fig. 7. Such an approach leads to an average crack rate over 
the duration of the crack propagation, which includes short bursts of crack growth interspaced by 
periods of crack arrest. 
 
3. Analysis strategy 
3.1  Introduction 
This section introduces the relevant analysis framework to evaluate the performance of the adhesive 
joints at the different loading rates when different types of fracture (previously denoted as Types 1-4, 
see Table 3) were encountered.  Analysis procedures for both the DCB and TDCB specimens are 
presented.   
 
3.2  Quasi-static analyses (Fracture ‘Types 1 and 2’) 
The British Standard BS 7991 [1] and the International standard ISO DIS25217 [2] standard provide 
the basis for the determination of the mode I values of GIc for structural adhesives joints using the 
DCB and TDCB specimens at slow, quasi-static loading rates using a fracture mechanics approach.  
These methods require the determination of the load, P, the beam opening displacement, δ, and the 
crack length, a, from which the value of GIc is determined, usually employing the corrected beam 
theory (CBT) approach.  The analysis method for this type of crack propagation is as follows:  
 
For the DCB: 
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where GsIc is the static value of GIc,  i.e. the value of GIc in the absence of kinetic energy effects, and 
∆I, F and N  are the crack length correction factors which account for beam root rotation and shear 
effects, the large beam displacements and the end-block stiffening effects, respectively, in the DCB 
specimen. In the TDCB specimen, m, E and B are the geometry factor, modulus and width of the 
substrate respectively. In the present work the geometry factor m = 2 mm-1.   
 
 The British Standard defines three different initiation points (in addition to the crack 
propagation points) at which values of GIc are to be determined.  These are: (i) the non-linear (NL) 
point, when the slope of the initial load-displacement trace first becomes non-linear, (ii) the visual 
(VIS) initiation point when the crack is seen to grow from the precrack, and (iii) the Max/5% initiation 
point, being either the maximum load point or the point corresponding to a 5% reduction in initial 
compliance, C5%..  In the present work, when stable crack (i.e. Type 1 (slow-rate stable) fracture) 
occurred, the mean propagation values of GIc have also been determined.     
 
 For unstable, stick-slip, crack growth, values of GIc may be determined via the analyses 
described above. However, it is necessary to treat the consecutive points of crack initiation and arrest 
separately.  The maximum load values at each crack initiation point (i.e. the Max points) were deemed 
as the more consistent values to use when determining values of IcG .  (Arrest points can become 
affected by non-linear material behaviour and stress waves reflections [12], and were thus not 
considered in this analysis.) Thus, for the analysis of the unstable test data at the slower rates of test 
(i.e. Type 2 (slow-rate unstable) fracture), the correction factors required were obtained using only the 
crack initiation points. 
 
3.3 Dynamic analyses (Fracture ‘Types 3 and 4’) 
3.3.1 Introduction 
A load-independent, dynamic fracture analysis has been employed to analyse the DCB and TDCB test 
data obtained at the relatively high rates of test. The load-independent analysis was designed to 
circumvent problems with analysing load data distorted by dynamic effects, and the dynamic analysis 
accounts for the effects of kinetic energy at higher test rates. To recall, the criteria developed has been 
to consider kinetic energy as important when its value contributes more than 5% of the GsIc value. The 
analysis for the DCB test specimen has been reported previously [13] and the analysis for the TDCB 
specimen is reported in [14].    
13 
 
3.3.2 Analysis strategy for the DCB 
The protocol developed for the analysis of DCB test data is shown as a flow chart in Table 4.  Firstly, 
it was necessary to extract the raw test data from the high-speed videos.  A frame-by-frame analysis of 
the fracture event from crack initiation to the final failure of the joint was performed.  From these, the 
load-line displacement, δ, time, tvideo, and crack length, a, values from each frame were extracted. 
Secondly, from a plot of δ against tvideo, a linear regression to the data was performed to deduce the test 
rate from the gradient and the true test time by extrapolating the data to t = 0.  Thirdly, the analysis 
type was determined.  This was achieved by plotting a against t1/2 using all initiation and propagation 
crack lengths, but ignoring any arrest points. A linear regression was applied to the data and if the 
correlation coefficient, R2 < 0.95, then the fracture type was designated as stick-slip.  However, if R2 ≥ 
0.95, then the fracture type was designated as stable.  (Note that for the steady-state,  a is proportional 
to  t1/2 [13].)  Fourthly, the average crack velocity was determined.  This was achieved by plotting a 
versus tvideo; using only the initiation crack lengths for unstable, stick-slip fracture and propagation 
crack lengths for stable, steady-state fracture. A linear regression was fitted to these data and the 
average crack velocity, a , was determined from the slope of the fitted line.  Finally, the dynamically-
corrected adhesive fracture energy, GIc, was determined via Eq. (3) for Type 3 (fast-rate unstable) 
fracture, using only the crack initiation points, of course: 
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and via Eq. (4) for the Type 4 (fast-rate stable) fracture: 
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where GdIc is the dynamically-corrected value of GIc,  i.e. the value of GIc after the kinetic energy 
effects have been accounted for [13, 14]. For the DCB specimen, previous work has shown that the 
determination of the crack length correction, ∆I, is difficult at high rates, since the plot of  1/3( / )C N  
against crack length may not be linear due to oscillations in the load signal [15]. However, the value of 
the constant χ (where ∆I =χh) depends only on the elastic properties of the substrate, and will remain 
relatively constant for the test rates and materials used in this work. Hence, the values of ∆I were 
calculated from the average values of χ determined from quasi-static tests for the different composite 
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substrates. The values of χ  were typically, 2≤χ≤4. To apply the analysis given by Eqs. (3) and (4), it 
was also necessary to determine the longitudinal wave velocity, cL, for the composite arms via: 
 
sL Ec ρ=        (5) 
where E and ρ are the axial modulus and density of the composite arms respectively.   
 
3.3.3 Analysis strategy for the TDCB 
The protocol developed for the analysis of TDCB test data initially followed almost an identical route 
to the above for the DCB. However, in Step 3 in Table 4, the determination of the analysis type was 
achieved by plotting a versus t, i.e. rather than a versus t1/2 as was used for the DCB, using all the 
initiation (i.e. for Type 2 or 3 fracture) or propagation crack lengths (i.e. for Type 1 or 4 fracture), but 
again ignoring any arrest points. A linear regression was applied to the data and if the correlation 
coefficient, R2 < 0.95, then the fracture type was designated as unstable (i.e. Type 2 or 3) otherwise 
the fracture type was designated as stable (i.e. Type 1 or 4).  (Note that for the stable, steady-state, 
fracture in a TDCB specimen, a is proportional to t.) The dynamic expression for GIc using the TDCB 
geometry proposed by Wang and Williams  [16] has been modified to account for the straight portion 
of the TDCB profile, 0x , as used in this work, and to incorporate the crack length correction as 
proposed by Blackman et al. [17].   
 
 The determination of the average crack velocity followed step 4 (see Table 4) above. 
However, the determination of GIc for the TDCB joint data for Type 3 (fast-rate unstable) fracture 
behaviour was obtained, using the crack initiation data points, via [14]: 
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and h(a*) is the height of the tapered beam at a distance a* from the load-line.  In this work the 
value of 0x  was always 50 mm.  
 
15 
 For the Type 4 (fast-rate stable) fracture behaviour for the TDCB joint, the value of GIc was 
determined via: 
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and the longitudinal wave velocity of the metallic substrate is given by: 
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 The equations employed in the proposed analysis strategy are summarised in Table 5 for the 
DCB tests and in Table 6 for the TDCB tests.   
 
4.  Results 
4.1 Introduction 
The experimental procedures outlined in Section 2 above were followed to achieve test rates ranging 
from 1 mm/min (1.67 ×10-5 m/s) up to about 15 m/s for the TDCB and DCB adhesively-bonded joints.  
The analysis strategy developed in Section 3 was then followed (i) to determine the fracture type (i.e. 
Types 1 to 4) at each test rate, and (ii) to determine the values of GIc appropriate for the various 
fracture types.  The values of GIc so-determined are firstly discussed below as a function of test rate, 
and then as a function of the corresponding crack velocity.  It should be noted that all the failure paths 
for both the DCB and TDCB joints were always cohesive in the adhesive layer. 
 
4.2 The adhesive fracture energy, GIc, as a function of test rate 
4.2.1 Slow rate, quasi-static, tests 
For slow rate, quasi-static, testing all failures were of Type 1, i.e. slow and stable crack growth was 
observed for both the DCB and the TDCB joints.  An example of the load and crack length versus 
displacement data recorded for a test on an HTS-XD4600 DCB joint tested at 1 mm/min is shown in 
Fig. 8.  On this graph, the NL, VIS and Max/5% initiation points are indicated, followed by the 
propagation data points.  It will be recalled that quasi-static tests were performed using the DCB joints 
bonded with the XD4600 adhesive and comprising of the composite substrates IM7/977-2 or 
HTS/6373, and additionally with TDCB joints using aluminium alloy substrates.  Fig. 9 shows the 
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values of GIc determined at crack initiation (using the VIS and Max/5% definitions) and also the mean 
propagation values of GIc, i.e. the average of all the propagation values for a given test. The non-linear 
values have not been plotted as typically they show the poorest repeatability of the different 
definitions of crack initiation. Considering the VIS and Max/5% initiation values, then the VIS values 
appear to imply somewhat lower initiation values of GIc. However, they are subject to greater scatter 
than the Max/5% values, and there are no significant differences between these two sets of values. 
When crack initiation is defined via the Max/5% definition, then the values of GIc were clearly 
equivalent to the mean propagation values, showing that no rising R-curve effects were observed for 
these adhesive joints. This ‘flat R-curve’ effect is indicated by the dashed line drawn on Fig. 9.  Also, 
the values of GIc were independent of which substrate material was used to make the joint, and this 
was to be expected since all the loci of joint failure were cohesive in the adhesive layer, as mentioned 
above.   
 
4.2.2 High rate tests 
As the rate of test was increased, different types of fracture were observed. Firstly, there was a 
transition from Type 1 to Type 2 crack growth (i.e. from a slow-rate stable fracture to a slow-rate 
unstable fracture) at about 1×10-2 m/s.  Then, as the test rate was increased further, to above 2.5 m/s, 
the crack growth remained unstable but the kinetic energy effects accounted for more than 5% of the 
measured fracture energy, and hence the analysis for the fast-rate unstable crack growth (i.e. Type 3) 
was used. As the test rate was further increased, and the dynamic effects became more pronounced, 
the initiation and arrest points became less distinct (i.e. the stress whitening lines on the fracture 
surfaces became thinner and less accentuated, and no distinguishable peaks were evident on the load 
traces); and hence fast-rate stable (i.e. Type 4) was recorded as the fracture type.   
 
 Examples of test data from DCB tests showing fracture behaviour of Types 2, 3 and 4 are shown 
in Figs. 10 to 12. These figures show examples of selected stills from the various HSV records and the 
load and crack length versus time records for DCB joints tested at 0.1, 3.6 and 15 m/s respectively.  
The dashed vertical lines on the load versus time traces correspond to the respective still images on the 
HSV record.   It can be seen that the load signal became more erratic as the test rate was increased. For 
the HTS-XD4600 joints at test rates above 12 m/s, see Figure 12, no crack arrest points were recorded 
with the HSV system and hence the crack propagation was treated as fast-rate stable (i.e. Type 4).  It 
should be noted that this transition, back to stable crack growth at the highest test rates, is probably 
dependent upon the recording rate and resolution of the video camera used and faster cameras may be 
able to resolve stick-slip crack growth at faster rates. Also, in Fig. 12, a loss of symmetry in the 
loading of the DCB test specimen is clearly evident. This has been observed in earlier work [13] where 
the loss of symmetry was quantified via the ratio (Gas/Gs); where Gas was the energy release rate for an 
asymmetrically-loaded DCB (in which one arm was subject to no load-line displacement and the other 
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arm the total test displacement) and Gs was the energy release rate for a symmetrically-loaded DCB.  
For the entirely asymmetrical case (Gas/Gs) = 2. However, for the tests conducted at 8 m/s, then the 
value of (Gas/Gs) was measured to be 11/10, and from [13] the errors imposed by this loss of symmetry 
are relatively minor, and were not therefore taken into account in the present work.   
 
 For the TDCB joints, using aluminium alloy substrates, again different types of crack growth 
were observed as the test rate was increased. The TDCB joints exhibited unstable crack growth at test 
rates between 0.1 m/s and 4.5 m/s. At test rates above 4.5 m/s, the crack initiation and arrest points 
were no longer evident in the video recordings and no stress whitening lines could be observed on the 
fracture surfaces. Thus, a transition to Type 4 fracture had occurred.   
 
4.2.3 Summary 
Fig. 13 summarises the measured GIc values as a function of test rate. (Note that a logarithmic and 
discontinuous scale has been used on the test rate axis for ease of viewing the data over the wide range 
of test rates employed.)  The graph depicts the average of the propagation GIc values when the crack 
growth was stable (i.e. Types 1 and 4) or the mean of the initiation GIc values when the crack growth 
was unstable (i.e. Types 2 and 3).  The maximum value of the dynamic correction occurred for Type 4 
fracture which, at 15m/s, amounted to 200 J/m2 for the DCB tests and 1000 J/m2 for the TDCB tests.  
Thus, the percentage correction for the adhesive fracture energy at a test rate of 15m/s was about 10% 
for the DCB tests and about 50% for the TDCB tests. 
 
4.3. The adhesive fracture energy, GIc, as a function of crack velocity 
The values of the crack velocity as a function of the rate of test, from data measured using the DCB 
and TDCB test geometries, are shown in Fig. 14. It is evident that the rate of test does not uniquely 
define the timescale of the test. Since it may be clearly observed that the crack velocity that is 
recorded is dependent not only upon the rate of test employed, but also upon the details of the test 
geometry. Indeed, as expected, the use of the relatively stiff TDCB specimen leads to a far higher 
crack velocity, a , for a given rate of test, compared with the DCB test geometry which has a 
significantly lower stiffness. Thus, clearly, the rate of test cannot be used to characterise uniquely the 
dependence of the measured adhesive fracture energy, GIc, on the timescale of the test.  
 
 Fig. 15 explores the idea of plotting the value of the measured adhesive fracture energy, GIc, 
versus the corresponding crack velocity. Now, when the tests are conducted at relatively low test rates 
below about 0.1 m/s (i.e. Type 1 fracture behaviour), the differences in the corresponding crack 
velocities for the DCB and TDCB tests are relatively minor. Thus, as expected, the results from the 
two test geometries (i.e. the DCB and TDCB) are in very good agreement at these lowest crack 
velocities. However, at higher crack velocities there is no unique dependence between the value of GIc 
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and the corresponding crack velocity, since the relationship is also dependent upon the test geometry 
employed. This arises since at these higher crack velocities the crack often grows in an unstable, 
‘stick-slip’ manner, as was shown in Fig. 13 (i.e. Types 2 and 3), and two problems occur. Firstly, it is 
difficult to define a value of the crack velocity which corresponds to the measured value of GIc. Since 
the value of GIc is for initiation of crack growth but the value of crack velocity is, by necessity, an 
average over the timescale and distance associated with the ‘stick-slip’ event; i.e. it is an average value 
over the ‘jump’. Secondly, even if an ‘instantaneous’ value of the crack velocity, a , associated with 
the initiation of crack growth could be measured accurately, whether it is really the correct, and 
fundamental, timescale to employ is unclear. 
 
 Thus, in the light of the above observations we have employed the loading time, ti, as the 
appropriate timescale, where the time, ti, is defined as the time from the onset of loading the joint to 
that required for the initiation of crack growth. Further, in the following section we develop a 
theoretical argument as to why the loading time, ti, is the most appropriate timescale to use when 
correlating the measured values of the adhesive fracture energy, GIc, to the timescale of the test. 
 
5. Isothermal-adiabatic transition model 
5.1 Introduction 
As discussed above, the value of the adhesive fracture energy, IcG , decreases as the crack velocity, a , 
increases.  However, two problems have been shown to arise when using the crack velocity, a , as the 
timescale against which to plot the associated value of IcG . Firstly, in many cases the crack growth 
was unstable in nature, i.e. Types 2 or 3 fracture behaviour (‘slip-stick’) fracture behaviour occurred. 
Hence, the value of IcG is that for initiation of crack growth, whilst the value of a  is for the crack 
subsequently propagating in an unstable manner through the adhesive layer. Secondly, as may be seen 
from Fig. 15, there is no unique relationship between the value of IcG and a . Indeed the relationship 
clearly depends upon the test geometry employed, although in all cases the crack propagated in a 
cohesive manner through the adhesive layer.   
 
 The above observations highlight the need to identify the mechanisms responsible for the 
decrease in the value of IcG  at the crack velocity, a , and increases the need to ascertain a time-
parameter for the fracture process which is not dependent upon the test geometry employed. This is a 
primary aim of adopting a fracture mechanics approach, i.e. to remove any dependence of the 
measured failure properties upon the details of the test geometry.  
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5.2.  Local thermal effects of IcG  
Previous work [18] has demonstrated that in many polymers the dependence of the fracture energy, 
GIc, upon the rate of test may arise from the occurrence of localised adiabatic heating in regions of the 
material in the vicinity of the crack tip. Such a phenomenon is especially likely to be of importance 
when the loading time, ti, is relatively short; where the term ti is defined as the time from the onset of 
loading the material to that required for the initiation of crack growth. Now, an isothermal to adiabatic 
transition may occur in the vicinity of the crack tip at relatively short loading times due to the heat 
generated by the plastic deformation around the crack tip not having sufficient time to diffuse through 
the polymer. Hence, a temperature rise occurs in the region. Such a temperature rise may, of course, 
significantly affect the local values of the modulus, Ea, and yield stress, yσ , of the polymer, which in 
turn may dramatically affect the toughness of the material. 
 
5.3.   Modelling studies 
A model for the effects of such an isothermal to adiabatic transition on the value of the adhesive 
fracture energy, IcG , as a function of the loading time, ti, may be developed based upon three 
assumptions. 
 
 Firstly, that fracture occurs when a constant crack opening displacement, cδ , at the crack tip is 
attained where [19, 20]:  
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and such a fracture criterion has been found to be valid for epoxy, and other, glassy polymers [19, 20].  
 
 Secondly, that the yield stress, yσ , of the epoxy adhesive is linearly dependent upon the 
temperature, T , such that at a given strain-rate, e , the relationship is:   
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where oσ  is the yield stress at a reference temperature, oT , and T∆ is the temperature rise to T at the 
crack tip such that:   
 
  oTTT −=∆  (13) 
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and oT∆ is the temperature rise to the glass transition temperature, gT , such that: 
 
  ogo TTT −=∆  (14) 
 
and at the glass transition temperature, then 0→yσ .  Now, Eq. 12 does indeed accurately describe 
the relationship between the yield stress, yσ , of the epoxy adhesive used in the present work as a 
function of temperature, T, as may be seen from the results shown in Fig. 16. 
 
 Thirdly, the highest temperature rise, T∆ , in the centre of a zone of the adhesive immediately 
ahead of the crack tip at the initiation of crack growth  is given by: 
 
  ( )( ) ( )xFTxerfciTT .41 2 ∆=−∆=∆  (15) 
 
where T∆ is the maximum value of T∆ that can occur when there is no dissipation of the local heat 
generated by the plastic deformation at the crack tip and is given by: 
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where Z is the thickness of the thermally-heated zone of material at the crack tip and ρ and mc  are the 
density and the specific heat capacity of the adhesive, respectively. The second term, ( )xF , in Eq. 15 
accounts for the dissipation of the heat generated by conduction through the adhesive and:  
 
  ( ) ( )xerfcixF 241 −=  (17) 
 
where ( )xerfci2  is the second integral of the error function and the dimensionless quantity, x , is 
defined by: 
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where k is the thermal conductivity of the adhesive and ti is the time available to dissipate the heat 
away from the test affected zone, i.e. the loading time. 
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 Now, combining the above equations yields the relationship: 
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where:   
  occoIG σδ=  (20) 
 
such that the term coIG  is the value of the adhesive fracture energy at the reference temperature, oT . 
 
 It is noteworthy that, from Eqs. (17) to (20), the time dependence of the value of IcG is a 
function now of the timescale of the test via a dependency which is most conveniently plotted as 
IcG versus the time of loading in the form of 2
1−
it , as opposed to using the rate of test or the crack 
velocity as the appropriate timescale parameter. This aspect may be more readily appreciated by 
considering the form of Eq. 19 for very slow rates of test (i.e. ∞→it ).  Under these test conditions, 
then Eq. 19 reduces to: 
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Thus, the long timescale behaviour is independent of the value of Z  and has a 2
1−
it  dependence for 
this thermal-diffusion controlled process. The applicability of the proposed model to the observed 
fracture behaviour is next considered. 
 
6. Results from the isothermal-adiabatic model 
6.1 Introduction 
Clearly, in order to derive the values of the adhesive fracture energy, IcG , as a function of the time of 
loading, ti, from Eqs. (17) to (20) the values of the various parameters used in the model are needed.  
These are given in Table 7.  However, the value of the thickness, Z, of the test affected zone ahead of 
the crack tip in the adhesive is still required for use in Eqs. (18) and (19).   Unfortunately, the values of 
Z  cannot be calculated, but an upper bound is clearly the thickness of the adhesive layer which was 
approximately 400 µm. A lower bound is when .Z 0→  
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6.2 Predictions from the model  
The values of the adhesive fracture energy, IcG , versus the corresponding value of  2
1−
it  may be 
theoretically calculated from Eqns. (17) to (20), and are plotted in Fig. 17 for all the different types of 
joints. Also, the highest temperature rise in the zone of thickness, Z, in the adhesive ahead of the crack 
tip at the initiation of crack growth may be deduced via Eq. (15). The maximum theoretically-
predicted value of temperature rise from the isothermal-adiabatic model for Z = 25 µm was 80ºC. 
There are several noteworthy points in Fig. 17.  
 
 Firstly, the experimental data and theoretically predictions from the isothermal-adiabatic model 
for the epoxy adhesive are compared in Fig. 17. Clearly, the dependence of the measured value of IcG  
upon the time of loading, ti, is captured within the upper-bound value of the heat-affected zone, Z, of 
400 µm and a lower-bound value of 0.1 µm. The scatter of the experimental results is typical of such 
tests conducted at relatively high rates of test, but within the scatter that is observed a value of Z of 
about 25 µm gives the best agreement with the experimental data. (It should be noted that such a value 
of Z may be compared with a critical crack opening displacement, cδ , for crack growth of about 80 
µm, see Table 7; and, as would be expected, the value of Z is lower than that of cδ .) Thus, the time of 
loading, ti, does seem to be an appropriate timescale parameter against which to map the measured 
values of the adhesive fracture energy, IcG , in order to achieve a unique relationship, independent of 
the details of test geometry. Further, when this timescale parameter is in the form of 21−it , then the 
agreement between the experimental and theoretical results demonstrates that the decrease in the value 
of GIc with increasing rate of test, i.e. with decreasing values of ti, arises from adiabatic heating effects 
ahead of the crack tip. This adiabatic heating is due to the heat generated by the plastic deformation 
around the crack tip not having sufficient time to diffuse through the polymer. Such, an isothermal to 
adiabatic transition, with the accompanying temperature rise, will lead to significant decreases of the 
local values of the modulus, Ea, and yield stress, yσ , of the polymer in the heat-affected zone; which 
in turn will lead to a decrease in the toughness, GIc, of the material. The highest predicted temperature 
rise in the heat-affected zone of thickness, Z, in the adhesive ahead of the crack tip at the initiation of 
crack growth was calculated to be about 80ºC for Z = 25 µm. This is a relatively significant 
temperature rise and is of the order that clearly supports the physical concepts of the proposed 
isothermal-adiabatic model. 
 
 Secondly, at high rates of test (i.e. 0→it  and 1→)x(F ), then Eq. (19) can be approximated 
to: 
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Thus, at high rates of test the value of the adhesive fracture energy, IcG , will be limited by the 
thickness of the adiabatic zone, Z . Eq. (22) also implies that an adhesive with relatively high values 
of glass transition temperature, gT , and/or specific heat capacity, mc , would exhibit a smaller loss of 
toughness at high test rates, all else being equal. There is only data from the literature on the former 
prediction from the proposed isothermal-adiabatic model, namely that an adhesive with a relatively 
high value of gT  would exhibit a smaller loss of toughness at high test rates, all else being equal. Such 
data reveals that this prediction is very well supported by the experimental results that have been 
published [21]. 
 
7. Conclusions 
Structural adhesive joints were manufactured using two different types of unidirectionally reinforced 
carbon-fibre epoxy composite as substrates, and also using aluminium alloy substrates.  The joints 
were bonded with a rubber-toughened, automotive paste adhesive, i.e. Dow Automotive XD4600. The 
composite substrates were bonded to form double cantilever beam (DCB) test specimens, and the 
aluminium alloy substrates were bonded to form tapered double cantilever beam (TDCB) test 
specimens.  Joints were loaded in mode I (the tensile opening mode) at rates from 1 mm/min up to 15 
m/s using a high-rate testing machine, and the loci of joint failure were always visually observed to be 
via a cohesive fracture in the adhesive layer.  The test methodology incorporated a high-speed video 
camera which was used to record the deformation of the test specimens, as well as the crack length 
and crack velocity during the high-rate tests.  
 
 An analysis strategy has been developed to account for the following: (i) whether stable, 
continuous or unstable, stick-slip, fracture was observed, (ii) oscillations in the measured load values, 
and (iii) contributions of the kinetic energy to the adhesive fracture energy, GIc. However, the first 
aspect of the analysis strategy was to classify the different types of fracture behaviour that were 
observed, and four types were identified.  
 
 The first regime,  in which stable, continuous crack growth occurred at rates sufficiently slow to 
allow accurate load measurements to be made, was observed at the slowest rates of test employed and 
was termed ‘Type 1’ (i.e. slow-rate stable fracture) behaviour. At these slow, quasi-static, rates of test, 
the measured values of GIc were independent of which substrate was used to make the joint and also 
were independent of whether the DCB or TDCB test specimens were employed. The R-curves which 
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were ascertained were all very flat; i.e. with very similar values of GIc being determined via the 
Max/5% crack-initiation criterion, and for the mean propagation value of GIc which was approximately 
3500 J/m2.  As the test rate was increased, a transition from this stable, steady-state crack growth to 
unstable, stick-slip crack growth was detected. When the transition to unstable, stick-slip crack growth 
had occurred, this was termed ‘Type 2’ fracture behaviour.  Type 2 (i.e. slow-rate unstable) fracture 
behaviour persisted until the effects of kinetic energy became non-trivial, i.e. until kinetic energy 
effects accounted for at least 5% of the quasi-static value of the adhesive fracture energy, GsIc, at 
which point the fracture was termed ‘Type 3’ (i.e. fast-rate unstable) fracture behaviour.  Type 3 
fracture behaviour persisted until stick-slip growth could no longer be resolved via high rate video 
photography, at which point a transition to ‘Type 4’ (fast-rate stable) fracture behaviour was recorded. 
A load-independent analysis, corrected for the effects of kinetic energy, was proposed to analyse 
Types 3 and 4 fracture in both the DCB and TDCB test specimens. It is intended that the detailed 
analysis strategy developed in this work will significantly contribute to the development of a test 
standard for the high-rate testing of the fracture of structural adhesive joints.   
 
 Using the above analysis strategy, and associated equations, increasing the test rate over six 
decades (from 10-5 to 101 m/s) was found to lead to a reduction in the value of the adhesive fracture 
energy, GIc, by about 40% of its quasi-static value, i.e. from 3500 to about 2200 J/m2.  The reduction 
in the value of GIc  appeared not be to controlled by the test rate or indeed by the crack velocity. For 
example, faster crack velocities were achieved for a given test rate using the TDCB compared with the 
DCB test specimen, and there was no unique relationship between GIc and the corresponding resulting 
crack velocity.  However, the use of the time parameter, 21−it , where ti was defined as the time from 
the onset of loading the joint to that required for the initiation of crack growth, appeared to collapse 
both the DCB and TDCB test data onto a single master curve, and thus ti appeared to be the controlling 
timescale parameter. An isothermal-adiabatic transition model has been proposed to account for these 
observations and was shown to predict the measured reduction in GIc with 2
1−
it . This model is based 
upon a physical mechanism which considers that the inability of the adhesive to rapidly conduct away 
the heat generated locally at the crack tip causes the reductions measured in GIc at the highest test 
rates.   
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TABLES  
 
Table 1.  The adhesive used  
Adhesive  Code Supplied as Cure Temp. 
(°C) 
Cure time 
[minutes] 
Tg 
(°C) 
Betamate XD4600 XD4600 One-part 180 30 127 ± 5 
 
 
 
 
Table 2. Details of the substrates used 
Substrate 
material  
Designation 
 
Width or 
beam 
height 
(mm) 
E  
(GPa) 
σsy or σsf  
(MPa) 
Aluminium alloy 
EN AW 2014-A 
TDCB 10.0 (B) 72.4 430 
HTS/6376 
[0]32 & [0]48 
HTS (DCB) 4.0 & 6.0 
(h) 
130 ± 5% 1560 ± 14% 
IM7/977-2 
[0]24 
IM7 (DCB) 3.0 (h) 139 ± 3% 1610 ± 9% 
 
 
 
Table 3. Types of fracture and the features of their analyses. 
 ‘Type 1’  
Slow-rate  
stable 
‘Type 2’  
Slow-rate 
unstable 
‘Type 3’  
Fast-rate 
unstable 
‘Type 4’  
Fast-rate 
stable 
Crack growth stable ? Yes No No Yes 
Kinetic energy significant ? No No Yes Yes 
Measured load values reliable ? Yes Yes No No 
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Table 4.  Flow diagram for the analysis strategy for the DCB tests 
  
1. Video analysis
(Determine δ, t, tvideo, a)
for selected frames
2.  Plot δ vs tvideo data.
Preform linear regression
Slope=test rate
Intercept: defines start of
test and hence t.
3. Plot a vs t^1/2
data
Perform linear
regression.
Is R2>0.95?
YES NO
Define fracture type as
stable
(Types 1 or 4)
Define fracture type as
stick-slip
(Types 2 or 3)
4. Plot a vs tvideo data.
Perform linear regression
(use propn. values only)
Slope=crack velocity
5. Determine GsIc
and GdIc
Is (GsIc-G
d
Ic)/G
s
Ic
<0.05?
5. Determine GsIc
and GdIc
Is (GsIc-G
d
Ic)/G
s
Ic
<0.05?
YES NO
6. Report GsIc
(Analysis Type 1)
6. Report GdIc
(Analysis Type 4)
YES NO
6. Report GsIc
(AnalysisType 2)
6. Report GdIc
(AnalysisType 3)
4. Plot a vs tvideo data.
Perform linear regression
(use initiation values only)
Slope=event averaged crack
velocity
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Table 5.   Equations employed in the GIc analysis strategy for the DCB specimens.  
Analysis Type Analysis Equations (Experimental data used) 
Type 1 
( ) N
F
ab
PG
I
Ic ⋅+
=
∆
δ
2
3     (Crack propagation values used)†      
Type 2 ( ) N
F
ab
PG
I
Ic ⋅+
=
∆
δ
2
3
    (Crack initiation values used) 
Type 3 
( )
( )
( )
2
2
24
2
2
3
2
140
332
4
3
LI
Ic c
VEh
N
F
a
tVEh
G −
+
=
∆
   (Crack initiation values used) 
Type 4 
( )
( )
( )
2
2
24
2
2
3
2
280
1112
4
3
LI
Ic c
VEh
N
F
a
tVEh
G −
+
=
∆
  (Crack propagation values used)      
 
†Although crack initiation values of GIc were also determined for quasi-static tests, the crack 
propagation data were deemed more reliable.    
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Table 6.   Equations employed in the GIc analysis strategy for the TDCB specimens.  
Analysis 
Type Analysis Equations (Experimental data used) 
Type 1 













+=
31
2
2 343014
ma
.
Eb
mPGIc    (Crack propagation values used) 
Type 2 













+=
31
2
2 343014
ma
.
Eb
mPGIc    (Crack initiation values only used) 
Type 3 







⋅










−













+


= *)a(hm
tc
*a
ma
.
*am
EG
L
Ic
233
12
22
93134301
24
δ
  
                                                  (Crack initiation values only used) 
Type 4 








⋅













+





−= *)a(hm
ma
.
c
aGG
L
s
IcIc
2
3
12
34301
11
91

   
where   
( ) 1312 343012
4
−













+








=
ma
.
a
V
m
EGsIc 
   
                                                    (Crack propagation values used) 
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Table 7.  Material properties used in the isothermal-adiabatic model. 
 
Property Unit Value 
gT  C  118 
oT  C  23 
IcoG  2mJ  3500 
ν * * 0.38 
ρ  3mkg  1310 
yσ  MPa 43.5 
cδ  mµ  80.5 
mc * *kgKJ  1250 
k * *.smKJ  0.4 
ogo TTT −=∆  C  95 
 
*Estimated from [22], all the other values were measured or calculated in the present work. 
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Figure 1.  (a) The double cantilever beam (DCB) specimen and (b) the tapered double cantilever beam 
(TDCB) adhesive joint test specimen indicating loading and length, xo. 
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Figure 2.   Schematic figure of the high rate test set up and data acquisition. 
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Figure 3. High-speed video (HSV) camera framing rate as a function of image resolution for the two 
Phantom cameras employed (the dashed area indicates the typical resolutions used for the research). 
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Figure 4. (a) The calibration procedure used for the HSV recordings and (b) illustrative crack length 
and displacement measurements from the high-speed video recording of a DCB joint at a test rate of 1 
m/s.  
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Figure 5. Determination of the test rate, V, from the slope of load-point displacement versus time plot, 
for a stable crack growth deduced using the HSV for a HTS-XD4600 DCB joint. (Example shown is 
for Type 4 (fast-rate stable) fracture behaviour. The test rate deduced was 17.1 m/s.) 
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Figure 6. Determination of the ‘average’ crack velocity for a stable crack growth from the crack length 
versus time plot, deduced using the HSV for a HTS-XD4600 DCB joint tested at 17.1m/s. (Example 
shown is for Type 4 (fast-rate stable) fracture behaviour. The crack velocity deduced was 104.8 m/s.) 
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Figure 7.  Determination of the ‘average’ crack velocity for an unstable crack growth from the crack 
length versus time plot, deduced using the HSV for an HTS-XD4600 DCB joint tested at 3.3 m/s. 
(Example shown is for Type 3 (fast-rate unstable) fracture behaviour. The crack velocity deduced was 
15.7 m/s.)   
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Figure 8. Load and crack length values versus load-point displacement for a HTS-XD4600 DCB joint 
tested at 1 mm/min (i.e. Type 1 (slow-rate stable) fracture behaviour). 
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Figure 9. Values of GIc determined from quasi-static tests at 1 mm/min from the various joints bonded 
with the XD4600 adhesive (i.e. Type 1 (slow-rate stable) fracture behaviour).  Substrates were the 
CFRPs IM7/977-2 and HTS/6376 for the DCB joints, and aluminium alloy for the TDCB joints.  GIc 
values were determined using the visual (VIS) and Max/5% initiation points, and also using the mean 
of the crack propagation values.   
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Figure 10 (a) HSV photographs, (b) load, P, versus time record and (c) crack length, a, versus time 
record for a HTS-XD4600 DCB joint tested at 0.1 m/s (i.e. Type 2 (slow-rate unstable) fracture 
behaviour). 
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Figure 11 (a) HSV photographs, (b) load, P, versus time record and (c) crack length, a, versus time 
record for a HTS-XD4600 DCB joint tested at 3.6 m/s (i.e. Type 3 (fast-rate unstable) fracture 
behaviour). 
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Figure 12 (a) HSV photographs, (b)  load, P, versus time record and (c) crack length, a, versus time 
record for a HTS-XD4600 DCB  joint tested at 15 m/s  (i.e. Type 4 (fast-rate stable) fracture 
behaviour). 
. 
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Figure 13. Values of GIc versus test rate for the DCB joints. (Circles: HTS-XD4600 DCB joints; 
triangles: IM7-XD4600 DCB joints.)   
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Figure  14:  Crack velocity versus test rate for the DCB and TDCB test specimens.   
(Squares: Al alloy-XD4600 TDCB joints; circles: HTS-XD4600 DCB joints; triangles: IM7-XD4600 
DCB joints.) 
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Figure 15. Values of GIc versus crack velocity for the different types of joint and substrate tested.   
(Squares: Al alloy-XD4600 TDCB joints; circles: HTS-XD4600 DCB joints; triangles: IM7-XD4600 
DCB joints.) 
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Figure 16.  Yield stress, σy, for the XD4600 adhesive as a function of test temperature as measured in 
bulk adhesive tests.   
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Figure 17.   Values of GIc versus ti-1/2 for the joints bonded with the XD4600 adhesive.  The predictions 
for the adiabatic heating model are shown for different assumed zone, Z,  thickness values.   
(Squares: Al alloy-XD4600 TDCB joints; circles: HTS-XD4600 DCB joints; triangles: IM7-XD4600 
DCB joints.) 
 
 
 
